Introduction
============

Mitochondrial genomes exhibit striking differences in size, sequence complexity, and architecture across eukaryotes, with animals and land plants capturing many of the extremes. Animal mitochondrial genomes are generally small (∼11--28 kb) and unichromosomal, exhibit high rates of nucleotide substitution, and harbor relatively small amounts of noncoding DNA ([@evy103-B38]). The mitochondrial genomes of land plants are, by contrast, much larger---sometimes several megabases in size ([@evy103-B62])---often exist within multiple isoforms or chromosomes, and have generally low, but in some cases extremely high, rates of nucleotide substitution ([@evy103-B48]; [@evy103-B40]). The mitochondrial genomes of other eukaryotes, including many algal groups, generally fall somewhere between these two extremes. The broad range of mitochondrial genome size and sequence complexity observed across eukaryotes is thought to be driven by an equally broad range of mitochondrial mutation rates ([@evy103-B34]), though empirical support for this hypothesis has been mixed ([@evy103-B64]).

One uniting feature of diatom nuclear and organellar genomes is the apparent presence of varying amounts of DNA acquired from foreign sources. The diatom nuclear genome, for example, contains a mix of genes that date back to primary and secondary plastid endosymbioses ([@evy103-B5]), possibly a transient green algal endosymbiont ([@evy103-B39]; but see [@evy103-B17]), and potentially hundreds of genes acquired by horizontal gene transfer (HGT) from archaeal and bacterial donors ([@evy103-B10]). Diatom plastid genomes vary substantially in size and sequence complexity, with several species possessing unique intergenic sequences that may have been acquired by horizontal transfer ([@evy103-B54])---a hypothesis bolstered by the sporadic presence of invasive group I and group II introns in some species, indicating that foreign DNA can, in some instances, find its way into cellular organelles ([@evy103-B11]; [@evy103-B53]).

Invasive introns have been known in diatom mitochondrial genomes since the discovery of a group II intron in the *cox1* gene of *Thalassiosira nordenskioeldii* Cleve ([@evy103-B20]). A similar intron exists at the same site in *Pylaiella littoralis* (L.) Kjellman ([@evy103-B20]), a brown alga in the same lineage (Stramenopila, or "stramenopiles") that includes diatoms. This suggests that introns are an ancestral feature of diatom mitochondrial genomes. Other mitochondrial introns have been reported in some, but not all, diatom species with sequenced genomes. For example, the *cox1* gene of the araphid pennate diatom, *Ulnaria acus* (Kützing) Aboal, contains two group II introns that most closely resemble ones from brown algae and haptophytes ([@evy103-B51]), the latter representing a much more distantly related group of algae. High sequence similarity between *cox1* group II introns in diatoms and a distantly related stramenopile, *Chattonella marina* (Subrahmanyan) Hara and Chihara (Raphidophyceae), led to the hypothesis that *Chattonella* acquired the intron by HGT from diatoms ([@evy103-B28]), though determining the proximal donor and direction of transfer is difficult for sparsely sampled data sets ([@evy103-B53]). The full complement of mitochondrial introns in diatoms, as well as patterns of intron gain and loss across genes and species, remain poorly characterized due to the small number of sequenced diatom mitochondrial genomes and lack of a comprehensive comparative analysis of existing genomes ([@evy103-B20]; [@evy103-B28]; [@evy103-B51]).

We sequenced mitochondrial genomes for five diatom species and added them to a data set of 11 publicly available diatom mitochondrial genomes to characterize broadscale patterns of mitochondrial genome evolution in diatoms. We describe many newly discovered group I and group II introns, which appear to preferentially insert themselves into the *cox1* and *rnl* genes. We also characterize, as best as possible given the limited data set, the origins and ancestries of these introns. Our findings show that the relatively compact, AT-rich mitochondrial genomes of diatoms have a fairly conserved gene complement, with some species readily accepting foreign introns from mostly unknown sources.

Materials and Methods
=====================

Data Collection and Genome Sequencing
-------------------------------------

We compiled mitochondrial gene or genome data for a total of 19 diatom and 3 outgroup species ([table 1](#evy103-T1){ref-type="table"}). Genomes for 10 of these species were downloaded from GenBank, and the genomes of *Cyclotella cryptica* Reimann, Lewin and Guillard and *Fragilariopsis cylindrus* (Grunow) Helmcke and Krieger were downloaded from the [supplementary materials](#sup1){ref-type="supplementary-material"} of [@evy103-B70] and [@evy103-B37], respectively. In addition, we sequenced mitochondrial genomes for five species: *Toxarium undulatum*, *Psammoneis japonica*, *Eunotia naegelii*, *Cylindrotheca closterium*, and *Nitzschia* sp. ([table 1](#evy103-T1){ref-type="table"}). Our analyses of *cox1* introns used additional data from *Pseudo-nitzschia multiseries* Hasle (Hasle) ([@evy103-B78]), *Asterionella formosa* Hassall ([@evy103-B73]), and *Thalassiosira nordenskioeldii* ([@evy103-B20]). In most cases, the genus name provided a unique identifier of the sequences in our analysis, so we use this shorthand throughout, recognizing that sampling of additional species within the genus might show genomic variation. We refer to the model diatom species, *Thalassiosira pseudonana*, by its taxonomically correct name, *Cyclotella nana* ([@evy103-B1]). The 19 diatom species in our analyses included: five polar centrics (Mediophyceae), four of which belong to Thalassiosirales; three araphid pennate species (Bacillariophyceae); and 11 raphid pennate species (Bacillariophyceae) ([table 1](#evy103-T1){ref-type="table"}). Table 1Information for the Mitochondrial Gene and Genome Sequences Used In This StudyTaxonGenome Size (bp)Percent ExonPercent IntronGC ContentNo. Protein Genes[^b^](#tblfn3){ref-type="table-fn"}No. rRNAsNo. tRNAsNo. IntronsCulture StrainGenBank Accession*Chattonella marina*[^a^](#tblfn2){ref-type="table-fn"}44,77271.21.128.4343252KA11-m-1NC_013837*Nannochloropsis oculata*[^a^](#tblfn2){ref-type="table-fn"}40,72180.56.032.2352261CCMP525KJ410688*Triparma laevis*[^a^](#tblfn2){ref-type="table-fn"}39,58089.00.030.4342260NIES-2565NC_027747*Toxarium undulatum*36,66795.00.030.4342230ECT3802MG271847*Thalassiosira nordenskioeldii*NANANANANANANANACCMP992AB038235*Skeletonema marinoi*38,51590.40.029.7342240JK029NC_028615*Cyclotella cryptica*58,02160.04.030.8342241CCMP332--*Cyclotella nana*43,82779.55.330.1342251CCMP1335NC_007405*Psammoneis japonica*73,62247.336.430.83422711ECT2AJA-110MG148339*Ulnaria acus*46,65771.212.331.8322243--NC_013710*Asterionella formosa*61,87751.74.026.6342251--NC_032029*Eunotia naegelii*48,04971.71.427.1332231FD354MG271846*Navicula ramosissima*48,65270.921.431.1342226TA439KX343079*Phaeodactylum tricornutum*77,35645.28.735.0342254CCAP1055/1HQ840789*Berkeleya fennica*35,50997.40.029.7342241TA424NC_026126*Fistulifera solaris*39,47687.70.028.1342240--NC_027978*Cylindrotheca closterium*37,78492.96.232.1342251CCMP1855MG271845*Fragiliariopsis cylindrus*58,29560.20.031.1342240CCMP1102--*Pseudo-nitzschia multiseries*46,28365.116.331.0332236--NC_027265*Nitzschia sp.*36,22196.60.028.8342250ECT2AJA-05MG182051*Durinskia baltica*[^c^](#tblfn4){ref-type="table-fn"}35,50597.80.031.0342240CSIRO CS-38JN378735*Kryptoperidinium foliaceum*[^c^](#tblfn4){ref-type="table-fn"}39,68687.410.932.4342233CCMP1326JN378734[^2][^3][^4][^5]

We extracted total DNA from *Psammoneis* with a Qiagen DNeasy DNA Plant Mini Kit and sequenced the mitochondrial genome by shotgun sequencing with the Pacific Biosciences RSII platform. Genomic library preparation, size selection, and sequencing were completed by the University of Delaware Sequencing and Genotyping Center using SMRTbell™ Library preparation, BluePippin size selection, and SMRT Cell sequencing. We assembled the sequencing reads using Falcon (ver. 0.4.0) ([@evy103-B13]) with length cutoff of 7,000, minimum coverage of 3, and max coverage depth and coverage difference of 100. The mitochondrial genome was identified from this assembly based on size, GC-content, BLASTN-based sequence similarity to other mitochondrial genomes, and its predicted circular-mapping topology. The assembly contained numerous single-point indels that were corrected using Quiver (ver. 2.1.0) (<https://github.com/PacificBiosciences/GenomicConsensus>; last accessed February 2017) and Pilon (ver. 1.2.1) ([@evy103-B75]) with default settings and by reference to an aligned read map from SAMtools (ver. 0.1.19) ([@evy103-B502]).

For *Toxarium*, *Eunotia*, and *Nitzschia*, we extracted DNA with a Qiagen DNeasy Plant Mini Kit. We sequenced *Toxarium* and *Eunotia* DNA on the Illumina MiSeq platform housed at the Institute for Genomics and Systems Biology at Argonne National Library, with 300-bp libraries and 150-bp paired-end reads. We sequenced *Nitzschia* DNA with the Illumina HiSeq2000 platform housed at the Beijing Genomics Institute, with a 300-bp library and 90-bp paired-end reads. We removed adapter sequences and trimmed raw reads with Trimmomatic (ver. 0.32) and settings "ILLUMINACLIP=\<TruSeq_adapters.fasta\>: 2:30:10, TRAILING = 5, SLIDINGWINDOW = 6:18, HEADCROP = 9, MINLEN = 50" ([@evy103-B7]). We assembled the trimmed reads with Ray (ver. 2.3.1) with default settings and k-mer length of 31 (*Toxarium*), 41 (*Eunotia*), or 45 (*Nitzschia*) ([@evy103-B6]). We assessed the quality of the assemblies with QUAST (ver. 2.3) ([@evy103-B23]) and REAPR ([@evy103-B26]), confirmed genome-wide read coverage by mapping the trimmed reads to the assembly with Bowtie (ver. 0.12.8) ([@evy103-B32]) and evaluated these results with SAMtools.

For *Cylindrotheca*, we resuspended a pellet of frozen cells in 10--15 ml of resuspension buffer (50 mM Tris \[pH 8.0\], 25 mM ethylenediaminetetraacetic acid, and 50 mM NaCl) and disrupted the cells by nitrogen decompression with a Parr Cell Disruption Bomb at 750--800 psi for 30 min. We lysed plastids by shaking them at *1 g* for 60 min at 50°C in a solution containing 250 µl of 20% Triton X-100 and 1 ml Pronase (10 mg/ml) per 10 ml of cell slurry. We added equal weight CsCl, mixed the slurry until the CsCl was fully dissolved, then dispensed the solution into 6-ml PA Ultracrimp tubes (Sorvall) with 50 µl of ethidium bromide (EtBr) (10 mg/ml). After centrifugation at *414,728 g* in a Sorvall TV-1665 rotor for 12 h, we extracted the DNA bands and removed EtBr with repeated washes in salt-saturated isopropanol. The spin was repeated with 40 µl Hoechst 33258 dye (10 mg/ml H~2~O), after which DNA bands were extracted and Hoechst dye removed by repeated 1:1 washes with salt-saturated isopropanol. We removed the CsCl by dialysis in TE buffer with buffer changes every 12 h for 48 h. We sequenced the DNA using the Roche 454 GS-FLX platform (titanium reagents) housed at the W. M. Keck Center for Comparative and Functional Genomics at the University of Illinois, which generated 500 bp single-end reads. We assembled the reads using the Newbler software package and used Geneious ver. 5.4 (Gene Codes Corp., Ann Arbor, MI, USA) to validate and guide finishing of the assembly.

Genome Annotation
-----------------

We used the National Center for Biotechnology Information's (NCBI) BLASTN software (ver. 2.7.1+) to search each newly sequenced genome against databases of known genes from previously sequenced diatom mitochondrial genomes and used NCBI's ORFfinder software (<https://www.ncbi.nlm.nih.gov/orffinder>; last accessed December 2017) to confirm start and stop codon positions. We used ARAGORN ([@evy103-B501]) to annotate tRNA genes. Newly sequenced genomes are available from GenBank ([table 1](#evy103-T1){ref-type="table"}).

Intron Analyses
---------------

We characterized the phylogenetic distribution, intron class, genomic insertion site, and putative origin of mitochondrial introns for the diatom and outgroup taxa in our data set. We performed an all-vs-all BLASTN search of all mitochondrial introns with "somewhat similar" settings "-dust no -word_size 9 -reward 2 -penalty -3 -gapopen 5 -gapextend 2" to cluster introns into putatively homologous groups based on sequence similarity. Each group was assigned a name consisting of the host gene, intron type (*g1* or *g2*), and a unique single-letter identifier (e.g., *cox1_g2_A*). To identify related introns outside of diatoms, we individually searched each intron sequence against GenBank's nr database with BLASTN and kept all subject sequences with e-value \< 1e-12 and qcovs \> 50. We used MUSCLE with default settings ([@evy103-B19]) to align intron groups that included a total of at least five query and subject sequences. We trimmed the resulting five alignments using Gblocks (ver. 0.91b) with default settings ([@evy103-B12]) and used IQ-TREE (ver. 1.5.3) ([@evy103-B43]) to find the best-fitting model of nucleotide substitution and infer the intron phylogeny. Workflows and scripts for intron BLAST searches, alignments, and tree inferences are available on GitHub (<https://github.com/andrewalverson/diatom_mt/tree/master/intron_phylogenies>; last accessed April 2018). We used NCBI's ORFfinder program to find intron-encoded proteins (IEPs), and we characterized functional domains within IEPs through BLASTP searches against the nr database. Intron maps were rendered from annotated FASTA files using a script that has been archived on GitHub (<https://github.com/andrewalverson/diatom_mt>; last accessed April 2018).

Multiple Sequence Alignment and Phylogenetic Analyses
-----------------------------------------------------

We generated multiple sequence alignments for 36 mitochondrial genes using MUSCLE, as implemented in MEGA ver. 7.0.14 ([@evy103-B30]), and then manually adjusted the alignments to enforce codon structure. We trimmed alignments using Gblocks (ver. 0.91b) with settings "-b3 = 8, -b4 = 3, -b5 = a" and used IQ-TREE to build a phylogenetic tree for each gene using the best-fit model of nucleotide substitution identified by IQ-TREE using the Bayesian Information Criterion. In addition to single-gene analyses, all protein-coding genes were concatenated into a single alignment with AMAS ([@evy103-B9]), and the tree was inferred using the single best substitution model identified by IQ-TREE for the concatenated alignment. For each alignment, branch support was estimated with 2,000 ultrafast bootstrap pseudoreplicates ([@evy103-B36]) and 1,000 SH-like approximate likelihood-ratio tests (SH-aLRT). Gene and intron alignments and IQ-TREE command files are available as Supplementary Material ([supplementary data](#sup1){ref-type="supplementary-material"} S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Results
=======

Genome Characteristics
----------------------

Three of the five newly sequenced genomes (*Psammoneis*, *Eunotia*, and *Nitzschia*) mapped as circular chromosomes, whereas the other two (*Toxarium* and *Cylindrotheca*) could not be circularized, leaving open the possibility that they are either linear or incompletely sequenced. Importantly, the uncircularized *Toxarium* and *Cylindrotheca* genomes had complete gene sets. Diatom mitochondrial genomes ranged in size from 35.5 to 77.4 kb (median = 39.7 kb), with *Phaeodactylum* (77.4 kb), *Psammoneis* (73.6 kb), and *Asterionella* (61.9 kb) possessing the largest genomes in our analysis ([table 1](#evy103-T1){ref-type="table"}). The G + C content was similar to diatom plastid genomes ([@evy103-B54]), ranging from 26.6 to 35.0%. Coding sequences (protein, rRNA, and tRNA genes) comprised the vast majority of the total sequence (median = 79%, N = 21) in all but the three largest genomes, in which coding sequences comprised roughly half (45--52%) of the total sequence ([table 1](#evy103-T1){ref-type="table"}). Coding sequences comprised \>97% of the sequence in the highly reduced genomes of *Berkeleya* and the diatom endosymbiont of the dinoflagellate, *Durinskia*. The percentage of intronic sequence was generally low (median = 4%, N = 21), but considering only the set of intron-containing genomes (N = 14), the median percentage of intronic DNA was 6%. Introns comprised more than one-third (36%) of the sequence in the large, intron-rich genome of *Psammoneis*. Some of these estimates should be considered approximations, however, due to possible incomplete sequencing of some of the genomes.

Diatom mitochondrial genomes contain a core set of 34 protein-coding and two rRNA (*rns* and *rnl*) genes that are largely or entirely conserved across taxa ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The *atp1, rpl31*, and *rn5* genes, which are present in many other stramenopiles ([@evy103-B76]), are missing in diatoms ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Among the diatoms in our data set, *Ulnaria* is missing the *rps2* and *rps7* genes, and *Eunotia* is missing the *atp8* gene. Most taxa shared a core set of 22 tRNA genes, some of which are present in multiple copies in some \[e.g., *trnE(uuc)* in *Psammoneis*\] or all \[*trnM(cau)*\] taxa ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The *trnG(ucc)* gene is present in *Toxarium* and the three stramenopile outgroups, suggesting repeated losses of this gene across diatoms. All sampled members of the Thalassiosirales (*Cyclotella* and *Skeletonema*) have a *trnU(uca)* gene, encoding selenocysteine, the selenium analog of cysteine.

Mitochondrial Introns
---------------------

We characterized a total of 38 mitochondrial introns from the diatom and stramenopile outgroup taxa in our data set ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Several genomes have annotated introns in the *cob*, *cox3*, *rps3*, *rps11*, and/or *rns* genes that were generally short (15--170 bp in length), species-specific, and lacking the characteristic signatures of canonical group I or group II introns ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Three of these sequences (in *cob*, *cox3*, and *rps11*) interrupt the conserved reading frame of their respective genes. We concluded that sequencing or assembly errors should be ruled out before further effort is made to understand the identities and origins of these sequences. Sequences clearly recognizable as organellar group I or group II introns were primarily restricted to the *cox1* and *rnl* genes, with one additional group II intron in the *rns* gene of *Phaeodactylum*. The only group I introns occurred in the *cox1* and *rnl* genes of the diatom endosymbiont of the dinoflagellate, *Kryptoperidinium*; both of these group I introns possessed a LAGLIDADG homing endonuclease ([@evy103-B67]). Most introns contained an ORF encoding reverse transcriptase and, in many cases, zinc finger endonuclease and/or maturase domains. *Psammoneis* had the most intron-rich genome, with a total of 11 introns (all of them group II) in the *cox1* (7 introns) and *rnl* (4 introns) genes ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In total, introns comprised more than one-third (36%) of the *Psammoneis* mitochondrial genome and were the primary source of genomic expansion in this species. *Navicula* had five introns that, similar to *Psammoneis*, were all located in the *cox1* or *rnl* genes ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Seven taxa possessed no mitochondrial introns: *Triparma*, *Toxarium*, *Skeletonema*, *Fragilariopsis*, *Nitzschia*, *Fistulifera*, and the *Durinskia* endosymbiont.

In general, BLASTN searches to GenBank returned relatively few significant matches for most introns, with just five of the 18 *cox1* and *rnl* intron groups containing more than five total sequences compiled from our study and GenBank. Phylogenetic analyses of these five intron groups revealed similarities to introns in other distantly related stramenopiles, including brown algae (*Pylaiella*) and raphidophytes (*Chattonella*) ([fig. 1](#evy103-F1){ref-type="fig"}), though the relationships with *Chattonella*, in particular, may not reflect vertical inheritance and deep shared ancestry (see discussion of the *cox1_g2_B* intron below). One of the diatom introns (*cox1_g2D*) had strong matches to the fungal genera *Paracoccidioides* and *Candida* ([fig. 1*C*](#evy103-F1){ref-type="fig"}). Phylogenetic trees with full taxon labels are shown in [supplementary figure S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

![---Unrooted phylogenetic trees for five intron groups (see [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) from the *cox1* (*A--D*) and *rnl* genes (*E*), each of which contained at least five total sequences from our data set and GenBank's nr database. Most of the 37 *cox1* and *rnl* introns in our analysis have very few matches to sequenced genomes outside of diatoms. Additional details about these intron groups (e.g., *cox1_g2_A*) are available in [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, and trees with full taxon labels are shown in [supplementary figure S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. Diatoms are shown in black, and nondiatoms are shown in gray. Asterisks highlight nodes with bootstrap values \>70%.](evy103f1){#evy103-F1}

### cox1 Introns

Based on sequence similarity and position in the *cox1* gene, 19 of the 26 *cox1* introns clustered into a total of five groups of putative homologs with two or more species ([fig. 2](#evy103-F2){ref-type="fig"}, colored triangles), whereas the remaining seven introns were species-specific ([fig. 2](#evy103-F2){ref-type="fig"}, open triangles). None of the introns present in more than one diatom species were shared by sister taxa. The sporadic distribution of shared introns, together with the relatively large number of species-specific introns, suggest that introns are frequently gained and/or lost from diatom mitochondrial genomes ([fig. 2](#evy103-F2){ref-type="fig"}). Two of the *cox1* intron groups, *cox1_g2_A* and *cox1_g2_F* ([fig. 2](#evy103-F2){ref-type="fig"}, blue and yellow triangles), contained four distantly related species with levels of sequence divergence that we interpreted as consistent with vertical inheritance and recurrent loss of these introns. A similar pattern was seen for the smaller *cox1_g2_E* group ([fig. 2](#evy103-F2){ref-type="fig"}, orange triangles).

![---Spatial and phylogenetic distributions of introns in the *cox1* gene. Groups of putative homologs share similarly colored triangles, and unfilled triangles represent species-specific introns without homologs in other species in our analysis. Each unique insertion site is marked with a dashed vertical line. All introns are of type group II except for a single group I intron (marked with a "I") in *Kryptoperidinium*. The phylogeny is a reference organismal tree compiled from previous studies ([@evy103-B70]; [@evy103-B50]). Species marked with an asterisk (\*) are the hosts for endosymbiotic diatoms. Major taxonomic groups referred to in the main text are identified ("Thal" = Thalassiosirales, "Bacillario." = Bacillariophyceae).](evy103f2){#evy103-F2}

In all but one case, sequence similarity and insertion site in the *cox1* gene supported the same set of intron groupings. The *cox1_g2_B* and *cox1_g2_B'* groups, however, arguably represented a single homologous intron group with two distinct insertion sites ([fig. 2](#evy103-F2){ref-type="fig"}, light and dark purple triangles at alignment positions 214 and 1,187, respectively). Phylogenetic analysis showed that introns at these two positions fell into two distinct clades ([fig. 3](#evy103-F3){ref-type="fig"}), but the sequences could be confidently aligned, and introns at these two positions clearly shared more similarity with one another than with any other *cox1* introns.

![---Maximum likelihood phylogeny of the *cox1_g2_B* intron group. Diatoms are shown on purple branches, and nondiatom stramenopiles are shown on gray branches. The alignment included introns with two different insertion sites in the *cox1* gene, shown by the positions of the purple triangles on a depiction of the *cox1* coding sequences (*A*), similar to what is shown in figure 2. Asterisks represent 100% bootstrap support. Panel (*B*) shows pairwise sequence similarities between the raphidophyte, *Chattonella*, and each diatom in the *cox1_g2_A* and *cox1_g2_B* intron groups. For species in the *cox1_g2_A* group, introns uniformly show lower sequence similarity than exons. For species in the *cox1_g2_B* group, pairwise sequence similarities in exons were similar to what was found in *cox1_g2_A*, but there was a much broader range of intron similarities, with two species, *Cylindrotheca* and *C. nana*, possessing introns that were \> 94% similar to the homologous copy in *Chattonella*; a small amount of random vertical scatter was introduced to better display the values of overlapping data points (*B*).](evy103f3){#evy103-F3}

### Horizontal Transfer of the cox1_g2_B Intron

Phylogenetic analysis of the *cox1_g2_B* group revealed strong incongruence between the intron tree and species trees inferred using both mitochondrial ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) and nuclear genomic data ([@evy103-B50]). For example, monophyly of raphid pennate diatoms is uncontested ([@evy103-B69]; [@evy103-B35]; [@evy103-B50]), but they (*Cylindrotheca* and *Phaeodactylum*) were polyphyletic in the intron tree ([fig. 3*A*](#evy103-F3){ref-type="fig"}). Instead, introns from *Chattonella* (a raphidophyte), the raphid pennate diatom *Cylindrotheca*, and the polar centric diatom *C. nana* were very closely related ([fig. 3*A*](#evy103-F3){ref-type="fig"}) and shared unusually high (\>94%) sequence similarity ([fig. 3*B*](#evy103-F3){ref-type="fig"}).

Assuming equal ages of *cox1* introns and exons, we would expect intron sequences to exhibit levels of sequence divergence proportional to their corresponding exons. The raphidophyte *Chattonella* shared two introns with diatoms, *cox1_g2_A* and *cox1_g2_B* ([fig. 2](#evy103-F2){ref-type="fig"}, blue and purple triangles), which allowed us to compare patterns of sequence divergence in these two groups as a surrogate measure of HGT. Consistent with expectations, pairwise sequence similarity in the *cox1_g2_A* introns between *Chattonella* and the three diatoms ranged from 59--71%, which was slightly lower than exon divergence, which ranged from 72--76% for these same taxa ([fig. 3*B*](#evy103-F3){ref-type="fig"}). The other intron group that included *Chattonella*, the *cox1_g2_B* group, contained five distantly related diatoms ([fig. 2](#evy103-F2){ref-type="fig"}, dark purple triangles). In this group, pairwise sequence similarity of *cox1* exons between *Chattonella* and each diatom again ranged from 72--75%, but sequence similarity between *Chattonella* and diatom introns was as high as 95% in some cases ([fig. 3*B*](#evy103-F3){ref-type="fig"}), reflecting the very recent shared ancestry between the *Chattonella*, *Cylindrotheca*, and *C. nana* introns ([fig. 3*A*](#evy103-F3){ref-type="fig"}).

### rnl Introns

Introns within the *rnl* gene were fewer in number than in *cox1* and had a much more restricted phylogenetic distribution, occurring only in araphid and raphid pennate diatoms (Bacillariophyceae) and neither of the stramenopile outgroups ([fig. 4](#evy103-F4){ref-type="fig"}). This pattern points to repeated losses of these introns in the grade of radial and polar centric diatoms and/or recent gains of these introns in the pennate clade. As for *cox1*, *Psammoneis* had the most intron-rich *rnl* gene, with a total of four group II introns ([fig. 4](#evy103-F4){ref-type="fig"}). Much like the *cox1* introns, sequence similarity and insertion site in the *rnl* gene supported the same set of intron groupings. The 10 *rnl* group II introns were spread across six different locations in the *rnl* gene, with two of the six sites shared across multiple species ([fig. 4](#evy103-F4){ref-type="fig"}, shaded triangles). Each of the other groups contained just one intron, consistent with recent, lineage-specific acquisitions or recurrent losses of those introns. Some of the *rnl* introns contained as many as two ORFs encoding a reverse transcriptase and, in a few cases, a zinc-finger endonuclease domain. Overall, *rnl* introns tended to possess fewer ORFs and fewer functional domains than *cox1* introns.

![---Spatial and phylogenetic distributions of introns in the *rnl* gene. Groups of putative homologs share similarly shaded triangles, and unfilled triangles represent species-specific introns without homologs in other species in our analysis. Each unique insertion site is marked with a dashed vertical line. All introns are of type group II except for a single group I intron (marked with a "I") in *Kryptoperidinium*. The phylogeny is a reference organismal tree compiled from previous studies ([@evy103-B70]; [@evy103-B50]). Species marked with an asterisk (\*) are the hosts for endosymbiotic diatoms.](evy103f4){#evy103-F4}

Fission of the *nad11* Gene
---------------------------

The *nad11* gene underwent fission into two separate pieces in the common ancestor of raphid pennate diatoms ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online; see [figs. 2 and 4](#evy103-F2){ref-type="fig"} for clade designations). Each subunit has its own start and stop codons and corresponds to one of the two functional domains of the *nad11* protein, the iron-sulfur binding (*nad11a*) and molybdopterin-binding domains (*nad11b*) ([@evy103-B27]). The length of intervening sequence between the two domains ranged from 14 nt to as much as 22 kb, and in some cases exons for the two domains were located on opposite strands. The longest intervening sequences contained other genes. We did not find flanking intronic sequences around the two subunits, as would be expected if the two halves of the gene were separated by a *trans*-spliced intron.

Discussion
==========

Mitochondrial Genome Evolution in Diatoms
-----------------------------------------

We sequenced mitochondrial genomes for five diverse diatoms to fill taxonomic gaps in the existing set of mitochondrial genome sequences and used these data to characterize broadscale patterns of genome evolution across diatoms. The set of genomes was still small (N = 16 taxa) and biased toward raphid pennates and Thalassiosirales. The largest remaining sampling gaps include all coscinodiscophytes (radial centrics) and many mediophytes (polar centrics). Nevertheless, some generalizations are likely to hold up to further sampling. Diatom mitochondrial genomes have low G + C content (≤ 35%) and are modestly sized (median length = 39.7 kb) and gene-dense. With a few exceptions, gene content is strongly conserved across species. The missing *atp8* gene from *Eunotia* was the most striking absence, though this gene, while generally conserved, has been lost in many different lineages ([@evy103-B74]; [@evy103-B77]; [@evy103-B68]). Additional genome sequencing in this part of the diatom tree, or additional nuclear genomic or transcriptomic data for *Eunotia*, will help show whether *atp8* has, in fact, been lost or transferred to the nuclear genome in some diatoms. Intact *atp8* genes have evaded detection in some red algae ([@evy103-B56]), but we are confident of its absence from the high-depth, QUAST- and REAPR-validated *Eunotia* assembly.

Among this relatively small sample of diatoms, genome size varied by \>2-fold, from 35.5 to 77.4 kb. At least two different drivers of genome expansion were evident: the presence of large repeat-rich sequences, as in *Phaeodactylum* ([@evy103-B46]), or the presence of many large introns, as in *Psammoneis* ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The 11 group II introns in *Psammoneis* account for more than one-third (26.8 kb) of its mitochondrial genome. In *Psammoneis*, *cox1* introns alone sum to \>18 kb, exceeding the 1.5 kb of *cox1* exonic sequence by a factor of 12.

The Patchy Distributions and Obscure Ancestries of Mitochondrial Introns in Diatoms
-----------------------------------------------------------------------------------

Mobile group I and group II introns are common in the mitochondrial genomes of plants ([@evy103-B14]; [@evy103-B8]), fungi ([@evy103-B49]), some animal taxa ([@evy103-B24]), and many microbial eukaryotes---including green and red algae ([@evy103-B63]; [@evy103-B77]), diatoms ([@evy103-B20]), and other stramenopiles ([@evy103-B28]; [@evy103-B45]). The vast majority of diatom mitochondrial introns characterized in this study were group II, and their distribution within diatom genomes was highly unbalanced, with 37 of the 38 introns located in just two genes, *cox1* and *rnl*. This closely mirrors the pattern in red algae, where nearly all mitochondrial introns reside in the *cox1* or *rnl* genes as well ([@evy103-B77]). This is also consistent with a more general pattern across eukaryotes---that organellar introns mostly occur in conserved housekeeping genes with important cellular functions, such as RNA genes and components of the electron transport chain ([@evy103-B52]; [@evy103-B42]). The *cox1* and *rnl* introns were spread across many different insertion sites ([figs. 2 and 4](#evy103-F2){ref-type="fig"}), and introns that we characterized as putatively homologous based on sequence similarity were positionally homologous as well. Introns that co-occurred within a genome shared little sequence similarity outside of the conserved 5′ and 3′ end sequences that are diagnostic of group II introns, pointing to an expectedly low rate of retrotransposition into ectopic sites ([@evy103-B44]; [@evy103-B31]; [@evy103-B61]). Retrotransposition of group II introns can occur, however ([@evy103-B41]; [@evy103-B31]; [@evy103-B61]), and we uncovered one possible example of this in our data set. Introns from the *cox1_g2_B* (site 1208) and *cox1_g2_B'* (site 239) groups shared much greater sequence similarity with one another than any other two groups, suggesting that their similarity might trace back to an ancient (at least as far back as the common ancestor of pennate diatoms) transposition event. Additional data---including the possible discovery of taxa with both introns (no such taxa were found in our data set; [fig. 2](#evy103-F2){ref-type="fig"})---could allow us to better pinpoint the timing of such an event and allow for more accurate reconstruction of the ancestral target sequences at these two sites. Ultimately, such analyses get to the heart of larger, fundamental questions about the origins and spread of these introns in diatoms.

Organellar introns often exhibit highly disjunct phylogenetic distributions---a pattern exemplified by diatom mitochondrial genomes and one that highlights a longstanding and clearly challenging question about the underlying cause of such patterns ([@evy103-B55]; [@evy103-B22]). Although patchy distributions are often considered a hallmark of HGT ([@evy103-B4]; [@evy103-B3]), it is notoriously difficult to distinguish recent gains via HGT from widespread losses of an ancestrally present feature ([@evy103-B15]; [@evy103-B25]; [@evy103-B57]). Many HGT hypotheses have been overturned as databases have grown, or analyses expanded, to include a broader set of taxa related to the putative recipient---instead revealing a pattern of ancestral presence and repeated loss ([@evy103-B58]; [@evy103-B66]). It appears that both processes have shaped the distributions of organellar introns in microbial eukaryotes, including diatoms. One of the primary obstacles to discriminating between these two competing hypotheses is the relative scarcity of organellar genome sequences for most lineages of microbial eukaryotes. Patchy, exemplar-based genome sampling invariably produces patterns that can only be teased apart with denser taxon sampling ([@evy103-B21]; [@evy103-B59]; [@evy103-B77]). Nevertheless, the emerging pattern of intron evolution in diatom organellar genomes appears to follow the pattern in microbial eukaryotes as a whole, in which intron distributions reflect a combination of (mostly) recurrent loss and, in some cases, horizontal transfer.

GenBank searches showed that most mitochondrial introns in diatoms were most similar to ones in other stramenopiles ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting that the ancestral stramenopile possessed an intron-rich mitochondrial genome that continues to experience independent intron losses across both diatoms and the whole of stramenopiles ([@evy103-B47]; [@evy103-B45]). Thus, loss may be the prevailing driver of the sporadic distribution of mitochondrial introns in diatoms. The ancestry of most introns was much less clear, however, including introns that appeared, superficially, to reflect a simple pattern of recurrent loss.

Previous phylogenetic analyses of mitochondrial introns from a nondiatom stramenopile, *Chattonella*, and two diatoms, *C. nana* and the *Kryptoperidinium* endosymbiont (a raphid pennate), showed strong evidence for horizontal transfer of the *cox1_g2_B* intron between *Chattonella* and diatoms, with the inference that *Chattonella* received the intron from a diatom ([@evy103-B28]). Although our analyses further support a transfer event between diatoms and *Chattonella*, additional diatom sampling suggested an even more complex scenario ([fig. 3](#evy103-F3){ref-type="fig"}). As shown previously ([@evy103-B28]), the *Chattonella* intron is closely related to, and shares strikingly high sequence similarity with, *C. nana* ([fig. 3*A*](#evy103-F3){ref-type="fig"}). We found that the same intron was also present in the raphid pennate diatom, *Cylindrotheca*, and that it, too, shared exceptionally high sequence similarity and recent common ancestry with *Chattonella* ([fig. 3*B*](#evy103-F3){ref-type="fig"}). The close relationship of the *Cylindrotheca* intron to homologs in a polar centric diatom (*C. nana*) and *Chattonella*---to the exclusion of the other raphid pennates (*Kryptoperidinium* and *Phaeodactylum*) in our data set---requires at least two separate events to reconcile this distribution. One hypothesis is a horizontal transfer from diatoms to *Chattonella* ([@evy103-B28]) followed by a second diatom-to-diatom transfer to account for the close relationship (and high similarity) of the *Cylindrotheca* and *C. nana* introns. An alternative and equally parsimonious scenario would involve two separate intron transfers from *Chattonella* to diatoms, opposite the direction suggested by an earlier data set ([@evy103-B28]). Many questions remain, however, particularly relating to the exceptionally high sequence similarity between the *C. nana* and *Cylindrotheca* introns ([fig. 3](#evy103-F3){ref-type="fig"}), which suggests that the horizontal exchanges of these introns occurred very recently. It is noteworthy that while *C. nana* possessed this intron, another *Cyclotella* species, *C. cryptica*, did not. The very high similarity of the *cox1_g2_B* introns in *C. nana* and *Cylindrotheca* also suggests that their ancestry is distinct from *cox1_g2_B* introns in other diatoms, which exhibited levels of sequence divergence that were more on par with expectations ([fig. 3*B*](#evy103-F3){ref-type="fig"}). Nuclear phylogenomic data have shown strong support for allopolyploid-driven whole-genome duplication in diatoms across phylogenetic scales similar to the diatom-to-diatom HGT event that may have occurred with *cox1_g2_B* intron ([@evy103-B50]). Species relationships based on a concatenated alignment of mitochondrial genes ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) were congruent with large nuclear phylogenies ([@evy103-B50]), and we did not find strong or consistent evidence for incongruence between individual mitochondrial gene trees and the expected species tree ([supplementary figs. S2 and S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). This suggests that mitochondrial exchanges that may occur between diatoms are limited to mobile introns. Whereas organellar HGT tends to occur between relatively closely related species in other groups ([@evy103-B21]; [@evy103-B59]), the events that may have occurred here would have taken place across much broader phylogenetic scales---either between distantly related diatoms or, greater still, between distantly related stramenopiles ([fig. 3*A*](#evy103-F3){ref-type="fig"}). Finally, as discussed earlier, the *cox1_g2_B* intron may have experienced a rare retrotransposition event in the past as well ([fig. 2](#evy103-F2){ref-type="fig"}, light and dark purple triangles), further highlighting the rich history of this single intron.

The ancestry and origins of many other introns, particularly the "one-off" introns present in a single diatom species, were often considerably more opaque. Many of these introns had no matches in GenBank, whereas others matched, at varying degrees, to fungi, haptophytes, or green algae ([fig. 1](#evy103-F1){ref-type="fig"} and [supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In some cases, it was not clear if these matches represented anything beyond deep shared ancestry of all group II introns, but it is noteworthy that: 1) many diatom mitochondrial introns have no matches in GenBank, 2) some matches to other lineages are quite strong, and 3) some groups show up repeatedly as the top matches to diatoms ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For example, many diatom mitochondrial introns are most similar to ones in green algae, which is also the case for the small number of known introns in diatom plastid genomes ([@evy103-B11]; [@evy103-B53]). The similarity between the *cox1_g2_D* introns of diatoms and fungi was also striking ([fig. 1*C*](#evy103-F1){ref-type="fig"}). More data will hopefully show whether these relationships simply reflect database bias, more evidence of (very) deep shared ancestry and repeated intron loss, or (very) long-distance horizontal transfer. Any such transfers would likely involve an intermediary of some kind---shared viruses or bacteria, for example. There is an increasing appreciation for the importance of diatom--bacterial interactions ([@evy103-B2]), ranging from simple metabolite exchange ([@evy103-B18]) to bacterial inhibition of diatom cell division ([@evy103-B72]). Plasmids often serve as vehicles for foreign DNA, and remnants of plasmid DNA have been found in the organelle genomes of many algal groups ([@evy103-B33]), including diatoms ([@evy103-B54]). Moreover, plasmids can be delivered efficiently into diatoms in vitro through bacterial conjugation, providing a valuable tool for genetic transformation ([@evy103-B29]) and hinting at what might occur in the wild. Shared algal viruses, which can carry large amounts of DNA, might also mediate HGT among diatoms or across algal groups ([@evy103-B16]; [@evy103-B71]; [@evy103-B60]).

Discerning recent HGT events from recurrent losses of an ancestral gene is a notoriously challenging problem for large eukaryotic genomes, but these challenges are somewhat less pronounced for organellar genomes, which contain many fewer---and much better characterized---genes and introns, making it easier to identify and interrogate aberrant sequences. A relatively large body of evidence shows that organellar introns are indeed passed around, to varying degrees, by HGT. Not coincidentally, some of the clearest cases of HGT feature dense phylogenetic sampling ([@evy103-B21]; [@evy103-B59]). Likewise, additional organelle genomes for diatoms, and microbial eukaryotes in general ([@evy103-B65]), will help further tease apart rates of intron loss and HGT as alternative explanations for the observed distributions of mitochondrial introns in diatoms.
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[Supplementary data](#sup1){ref-type="supplementary-material"} are available at *Genome Biology and Evolution* online.
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[^1]: **Data deposition:** Mitochondrial genome sequences have been deposited in GenBank under accession numbers MG148339, MG182051, MG271845, MG271846, and MG271847.

[^2]: [Note]{.smallcaps}.---Taxa for which only introns were considered (*Pseudo-nitzschia multiseries, Asterionella formosa, Thalassiosira nordenskioeldii, Chattonella marina*, and *Nannochloropsis oculata*) are not included. Culture information was not available for some taxa. Percent exonic sequence includes protein-coding, rRNA, and tRNA genes.

[^3]: Outgroup taxa.

[^4]: Excluding intronic ORFs.

[^5]: Diatom endosymbiont of a dinoflagellate.
